Abstract-This letter studies the performance of uplink cross layer design for multi-antenna systems with outdated channel state information (CSI). We consider a multi-user system with one base station (with nR receive antennas) and K mobile users (each with single transmit antenna). The multi-user physical layer is modeled based on information theoretical framework and the cross layer design can be cast as an optimization problem. In view of the high computation complexity in the optimal solution, we propose a low complexity genetic algorithm as suboptimal solution. We found that with outdated CSI, there is significant degradation in the spatial multiplexing and multi-user diversity gain due to potential packet transmission outage as well as misscheduling. To address the poor performance in the presence of outdated CSI, we propose two simple but effective empirical solutions, namely the rate quantization and rate discounting, to tackle the packet outage problem. For instance, it is well-known that rate quantization imposes system capacity loss in systems with perfect CSI. However, we found that rate quantization can enhance the robustness of system capacity with respect to outdated CSI.
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I. INTRODUCTION

I
T is shown in [1] that, with perfect CSIT, significant system throughput could be achieved by cross layer scheduling due to multi-user diversity. However, in practice, the CSIT could never be perfect, which shall greatly affect the scheduler's performance. Effect of CSI estimation error on point-to-point MIMO link capacity has been investigated in [2] . However, the effect of outdated CSI in multi-user MIMO systems is still a new research topic. The outdated CSI can be due to duplexing delay in TDD systems.
In this letter, we attempt to investigate the effect of outdated CSI on the uplink direction of multi-user multi-antenna systems. We consider a wireless system with K mobile clients (each with single antenna) and a base station (with n R receive antennas). The multi-user physical layer is modeled using an information theoretical framework and the cross layer scheduling design can be cast as an optimization problem. When the CSIT knowledge at the transmitters is perfect, there is significant spatial multiplexing gain and multi-user diversity gain. However, as we shall illustrate in the paper, there is significant degradation in the system performance when the CSI is outdated. This is due to the problem of packet outage and mis-scheduling. To address these problems, we propose two simple but effective empirical solutions, namely the rate quantization and rate discounting. For instance, it is well known that rate quantization imposes system capacity loss in systems with perfect CSI. However, we found that rate quantization can enhance robustness on system performance with respect to outdated CSI. This paper is organized as follows. Section II describes the system models. In section III, we first formulate the uplink cross layer scheduling problem and propose a low-complexity heuristic algorithm. In section IV, the performance degradation of the cross layer scheduler due to outdated CSI is studied and two enhancement schemes are elaborated. Section V presents and discusses the numerical results. Finally, we give a brief summary in section VI.
II. MULTI-USER SIMO SYSTEM MODEL
A. Channel Model with Outdated CSI
The channel fading coefficient between the k-th mobile terminal and n R antennas at base-station is characterized by
Gaussian with unit variance. The received signal at the basestation is given by:
where X k is the transmit symbol from the k-th mobile terminal, Z is the n R × 1 dimension Gaussian noise with covariance given by σ 2 z I nR and Y is the n R × 1 dimension vector of received symbols at the base-station comprising of n R antennas.
Assume that perfect channel estimation is performed at the base station based on the dedicated pilots from the K mobiles [4] . Based on the estimated CSI, the cross layer scheduler at the base station determines the user selection, power allocation as well as rate allocation and broadcast the allocation for the current scheduling slot to the K mobiles with a delay. In other words, the CSI used by the cross layer scheduler may be outdated when the selected mobiles attempt to transmit the payload on the scheduling slot. Let h k be the current CSI of user k andĥ k be the outdated CSI. We have:
where Δh k denotes the n R × 1 CSI error vector. 
B. Multi-user Physical Layer Model
In general, the performance of physical layer predominates that of the scheduling algorithm and overall system. Before the scheduling problem can be formulated, we need to establish a convenient physical layer model. To isolate the physical layer from implementation details such as channel coding, modulation schemes and multiaccess schemes (TDMA, FDMA, CDMA), we adopt an information theoretical approach.
Given a realization of the channel matrices, h = {h 1 , . . . , h K }, we multiply the received signal vector, y * by a n R × 1 weight vector w k in order to extract information from user k (where '*' denotes complex transpose.). The received signal after the linear spatial processing of user k is given by:
When we have perfect knowledge of CSI at the base station, we shall select the weight w k based on the zero-forcing approach [3] such that the multi-user interference is zero, i.e.,
Define admissible set A to be the set of user indices that are allocated resource in the current fading slot. It is shown [5] that the cardinality of admissible set must satisfy |A| ≤ n R . The instantaneous uplink capacity (in Shannon's sense) of the current scheduling slot for user k with perfect CSIR at the base station is given by:
where p k is the transmitted power at the mobile.
C. Packet Outage model
When we have outdated CSI knowledge at the base station due to the delay (from the CSI estimation at the base station to the actual transmission of the selected mobiles), the instantaneous capacity (5) is not known at the cross layer scheduler. The ideal or naive scheduler (designed for perfect CSI) will determine the scheduled rate r k (ĥ) of user k according to Eq. (5) as if the outdated CSI {ĥ 1 , ....,ĥ K } were the current CSI, i.e.,
whereŵ k is the ZF weights determined from (4) based on the outdated CSIĥ = {ĥ 1 , ..,ĥ K }. On the other hand, the actual instantaneous channel capacity of user k during the scheduling time slot is given by:
where w k is the ZF weights determined from (4) based on the actual CSI h = {h 1 , .., h K }. Given the outdated CSI knowledge at the base station, the instantaneous channel capacity of any user k is unknown and appears as random variable to the cross layer scheduler. Hence, the packet transmission will be successful if the scheduled data r k (ĥ) rate is less than the current channel capacity c k (h) (which is unknown to the transmitter due to CSI errors). On the other hand, the packet transmission will be in error (corrupted) 2 if the scheduled data rate exceeds the current channel capacity. Hence, outdated CSI knowledge at the base station leads to potential packet outage.
Define effective throughput of user k (which measures the b/s/Hz successfully delivered to the base station) as ρ k :
III. UPLINK SPACE TIME SCHEDULING DESIGN
A. System utility function
In general, the system performance is captured by an instantaneous system utility function G(ρ 1 , ..., ρ K ) where ρ k denotes the effective throughput of user k. While the analytical framework applies to generic convex system utility, we shall focus on maximal throughput for illustration where 
B. Optimal Solution with Perfect CSI
The optimization problem is a mixed convex optimization ((p 1 , . ., p K ), (r 1 , .., r K )) and combinatorial search A = (α 1 , .., α K ). With perfect CSI, the rate allocation is a function of A and (p 1 , .., p K ) given by equation (5) . It can be solved by two steps. Firstly, given any A, the optimizing power allocation is p k = P k , ∀k ∈ A. Secondly, the optimal admissible set is achieved by performing combinatorial search among all possible A. The total search space for optimal solution is given by nR m=1 K m . Note that the complexity of the combinatorial search is of exponential order with K and hence is not scalable with respect to implementation consideration. We shall illustrate an effective sub-optimal search in the next subsection.
C. Heuristic Solution with Perfect CSI -Genetic Algorithm
We consider using genetic algorithm to perform a suboptimal search. The computational complexity is N p N g function evaluations and it consistently achieves close-to-optimal performance. Hence, it is an attractive choice with good complexity performance tradeoff. A sketch of the major steps are listed below. Please refer to [5] for details.
Algorithm 1. Step 1, Initialization:
The evolution starts with a population with N p optimal,nR= 6,σ 2 = 0 optimal,nR= 4,σ 2 = 0 optimal,nR= 1,σ 2 = 0 genetic,nR= 6,σ 2 
Step 2, Selection:
Construct an intermediate generation (G i ) composed of N p chromosomes based on importance sampling. Step 3, Breeding:
The breeding process consists of the crossover and the mutation stages.
Step 4: Termination
Replace the original population with the new population and repeat Step 2 and Step 3 until the number of iterations reaches the number of generation N g .
The genetic algorithm is chosen because it achieves closeto-optimal performance in a lot of cases (as illustrated in figure  1 ) at significant complexity savings. For instance, there is 8 times and 36 times saving in computational complexity (in terms of number of function evaluations) of the genetic algorithm (compared with the optimal algorithm) when (K, n T ) = (10, 4) and (20, 4) respectively. Figure 1 illustrates the system performance degradation of ideal schedulers in the presence of outdated CSI estimation for different number of n R . While the ideal (or naive) cross layer scheduler achieves significant spatial multiplexing and multiuser diversity gains under perfect CSI, there is significant degradation on system performance due to packet outage and mis-scheduling even in the presence of small CSI error (σ 2 = 0.05). These illustrated that the mis-scheduling and the packet outage are the limiting factors for the system performance when we have outdated CSI. Figure 2 illustrates the packet outage probability of the ideal (naive) scheduler with respect to the CSI error variance σ 2 . We observe that nearly 80% packet transmission is corrupted at σ 2 = 0.1. To realize the potential spatial multiplexing gain and multiuser diversity gains with outdated CSI, we introduce two simple but effective enhancements, namely the rate quantization and the rate discounting.
IV. SCHEDULING WITH OUTDATED CSI
A. Performance Degradation of Ideal Schedulers due to Outdated CSI
B. Proposed Scheme A -Rate quantization
In the proposed scheme A, the scheduled rate r k (of the ideal scheduler) is passed to a quantizer to give a quantized schedule 3 rater k . It is well-known that rate quantization will decrease the system capacity with perfect CSI. However, rate quantization will increase the overall system throughput and the robustness with outdated CSI due to the built-in margins and therefore improve outage probability.
For simplicity, we assume uniform rate quantization Δr =
rmax−rmin Q
where Δr is the quantization step for the sched- uled rates and Q is the total number of quantization levels. r max and r min are maximum and minimum support rate respectively. Rate quantization has two effects on the system performance. On one hand, the final scheduled rate is given by the quantized output of the original scheduled rate, which results in the overall system throughput loss due to the quantization steps. On the other hand, the quantization reduces the chance of packet outage because of an implicit margin introduced by the quantization process. Hence, an optimal tradeoff of quantization noise and packet outage exists at any given CSI error variance. For instance, the optimal rate quantization levels we adopt are given in Table 1 .
C. Proposed Scheme B -Rate Discounting
In the proposed scheme B, the scheduled rate from the ideal scheduler r k is passed to a scaling block to give a final scheduled rater k = r k × prop coef where prop coef is the discounting factor. Similar to rate quantization scheme, rate discounting reduces the packet outage probability by providing an explicit margin in the scheduled rate. The optimal choice of the discounting factor is obtained from offline simulation. For example, figure 3 illustrates the system utility value versus the discounting factor prop coef ∈ [0, 1] for n R = 2. Given a certain CSI error 4 and n R , the discounting factor is obtained by a look-up table obtained from the offline simulation.
V. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we evaluate the numerical system performance of space time scheduler with outdated CSI. Fig.4(a) and (b) shows the performance of genetic schedulers with rate quantization and rate discounting enhancements respectively for n R = 2, 4, 6. As illustrated, the scheduler with rate quantization is more robust to CSI error than the original scheduling algorithm. The potential system throughput gains over n R and SNR can be realized with outdated CSI. Similar observations can be made on the rate discounting scheme.
VI. CONCLUSIONS
In this paper, we consider the cross layer scheduler design for the uplink of multi-user SIMO systems with outdated CSI. While the system performance improves quickly as n R increases (due to spatial multiplexing) with perfect CSI, the system performance suffers a significant loss on the system throughput gain (b/s/Hz successfully received) with respect to increasing n R with outdated CSI due to the mis-scheduling and packet outage problems. To realize the potential spatial 4 In practice, the sensitivity of system throughput over the CSI error variance σ 2 is not too high. For example, suppose the actual σ 2 = 0.05 but the base station assumed σ 2 = 0.1. From figure 3 , the chosen discounting factor is prop coef ≈ 0.85 (from the red curve) instead of the optimal prop coef = 0.89. Comparing the performance difference of using prop coef = 0.89 versus prop coef ≈ 0.85 on the blue curve, the difference in system throughput is less than 6%. multiplexing gains at large n R , rate quantization and proportional rate discount enhancements are proposed to improve the robustness of the cross layer schedulers in the presence of outdated CSI.
